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1 Introduction

Development and characterization of a
Dextran/CaCl,-based blood-mimicking fluid: a
comparative study of rheological and mechanical
properties in artificial erythrocyte suspensionsf

Gesine Hentschel, {2 *2° Katharina Doll-Nikutta,®® Marc Mueller,® Philipp Berg®®
and Birgit Glasmacher®”

The development of accurate blood-mimicking fluids (BMFs) is essential for in vitro studies of blood
contacting medical devices. Experimental data typically relies on single-phase glycerin/water solutions as
substitutes to visualize simplified blood flow. These models are accurate only at high shear rates, limiting
their applicability at lower shear rates. In this study, we investigated three potential BMFs, each
composed of poly(sodium acrylate-co-acrylamide) hydrogel microparticles (beads) as artificial
erythrocytes. Microbeads were produced using microfluidic systems (MFS) and were suspended in three
plasma-like solutions: 10% and 50% (v/v) glycerol/water solutions and a Dextran40/CaCl, solution. The
BMFs were evaluated for their rheological and mechanical properties, including particle elasticity,
sedimentation behavior, and shear flow analysis, to assess their suitability for mimicking blood.
Rheometric measurements were performed at room temperature using a plate-plate configuration,
measuring viscosity and shear stress for shear rates of 5-500 s~*. Atomic force microscopy (AFM) mea-
surements were conducted to assess their mechanical response. The Dextran40/CaCl,-based BMF was
identified as the most promising, demonstrating rheological and mechanical properties that closely align
with those of human blood. This research offers a refined approach to developing blood analogs that
better simulate the mechanical response and flow characteristics of blood for the validation and devel-
opment of blood contacting medical devices.

of blood, which is largely governed by its cellular components —
most notably red blood cells (RBCs) — presents an ongoing
challenge in the development of reliable blood analogs or

Blood is a highly complex fluid, and the ability to accurately
reproduce it in an experimental setting has, thus far, proven to
be a significant challenge. For instance, the precise replication
of blood flow is of critical importance in a number of biome-
dical applications, including the design of blood-contacting
medical devices, the study of blood-borne diseases, and micro-
vascular function. The complex, non-Newtonian flow behavior
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blood-mimicking fluids (BMFs). Blood flow in varying vessel
diameters, spanning from major vessels such as the aorta
(diameter: 25 mm) or the vena cava (diameter: 24 mm) to
microcirculatory systems (diameter: 5-10 pm), is influenced
upon a multitude of blood specific properties, including shear-
thinning behavior, the formation of a cell-free layer (CFL), and
the deformability of RBCs in the capillary system. In large
arteries, where shear rates exceed 200 s~ ', blood behaves
predominantly as a Newtonian fluid due to the disruption of
Rouleaux formation and the diminished significance of cell-
cell interactions at high shear rates.” However, in smaller
vessels, such as venules (shear rates 50-200 s~ ') and capillaries
(shear rates of around 100 s~ '), non-Newtonian effects become
increasingly dominant. This is attributed to shear-dependent
aggregation of RBCs at lower shear rates, leading to shear-
thinning behavior, and the formation of a cell-free layer.> While
shear rates generally increases as vessel diameters decrease for
a fixed flow rate, blood flow is not uniform across all vascular
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regions, and lower shear rates in venules allow for stronger RBC
aggregation, further amplifying non-Newtonian characteristics.

Additionally, it’s important to note that even in larger
vessels, non-Newtonian effects can become significant in areas
of flow recirculation or complex geometries (e.g., curved ves-
sels, bifurcations).>” The specific properties of the RBC’s such
as their mechanical properties are one main reason for the
complex rheology of blood, making it difficult to create a
computational fluid dynamic (CFD) in silico model that accu-
rately replicates real hemodynamics.*™®

The development of BMF’s for use in experimental set-ups
for flow analysis has traditionally focused on replicating the
rheological properties of blood. This has been achieved using
Newtonian or non-Newtonian fluid mixtures, such as water-
glycerol or water-xanthan gum.” While these single-phase
fluids offer a degree of accuracy under certain conditions,
particularly at high shear rates, they fail to replicate key
multiphase effects such as the axial migration of RBCs and
the formation of CFLs in smaller vessel diameters. Further-
more, these fluids neglect the mechanical properties of the
cells themselves, which play a critical role in the behavior of
individual red blood cells in confined geometries. Human
RBCs exhibit extraordinary deformability due to their bicon-
cave shape, allowing them to squeeze through capillaries
much smaller than their rest diameter. This deformability is
difficult to replicate in artificial systems, yet it is crucial for
understanding blood flow under physiological conditions.®
Most of this experimentental data therefore lacks in accuracy
and thus can lead to simplified and less precise simulations.

Recent advances in microfluidic technologies and the devel-
opment of BMF’s have sought to address these limitations. The
rheological fitting of non-Newtonian flow behavior at different
shear rates was achieved for different BMFs, where RBC
substitutes are often polymer or hydrogel spheres.”'® In a
recent study, Froese et al'® introduced a transparent two-
phase blood model based on alginate microspheres, designed
to mimic RBCs’ behavior over a variety of shear rates. The
model exhibited comparable shear-thinning behavior to that
of blood and was capable of replicating certain features of red
blood cell flow, including the formation of cell-free layers.
Ghost cells (GC), erythrocytes stripped of their intracellular
hemoglobin, maintain some of the rheological properties of
human RBCs while offering increased but still limited optical
transparency, thus making them highly suitable for visualiza-
tion techniques such as particle image velocimetry (PIV).'"*?
Other approaches have sought to replicate the non-spherical
shape of erythrocytes with artificial substitutes. Doshi et al.*?
produced concave poly(lactid-co-glycolid) (PLGA) microparti-
cles with mechanical properties comparable to those of human
red blood cells. In another study, Chen et al.® investigated the
influence of particle shape on the flow behavior in microcir-
culation of artificial erythrocytes made from polydimethylsi-
loxane (PDMS), demonstrating the importance of particle
shape in mimicking physiological erythrocyte flow. However,
most existing models still fall short of achieving a more
comprehensive versatility. Many of these fluids excel at
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Table 1 Comparison of properties of selected blood mimicking fluids developed within the last 15 years
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reproducing either the rheological behavior or the mechanical
deformation of blood components, but rarely both under
the same experimental conditions. A comparison of selected
BMF’s properties is shown in Table 1 to emphasize the wide
differences.

This research gap highlights the necessity for a more versa-
tile blood-mimicking fluid that not only replicates the non-
Newtonian rheology of blood but also incorporates the mechan-
ical properties of deformable red blood cell analogs. The
capacity to integrate these two elements into a unified model
is vital for more precise simulations of blood flow, particularly
in intricate or pathological scenarios, such as in stenosed
vessels or during the interaction of blood with medical devices
like stents and heart valves. This study introduces a novel
blood-mimicking fluid designed to address these limitations
by achieving the non-Newtonian rheology of blood and match-
ing the mechanical properties of deformable RBC analogs. The
fluid is composed of poly(sodiumacrylate-co-acrylamide) hydro-
gel microparticles, which are produced through microfluidic
systems (MFS). To ensure optimal performance, three different
plasma phases were tested as the base fluid for the suspension.
The plasma phase plays a critical role in the stabilization of the
suspension and the overall flow behavior of the BMF. One of
the key challenges in BMF development is ensuring the stability
of the particles within the fluid, particularly in preventing rapid
sedimentation, which can affect the flow properties observed
during experiments. To address this issue, a systematic evalua-
tion of particle size and its influence on sedimentation
behavior was conducted, ensuring that the fluid remained
homogeneous before conducting any shear rate experiments.
This step is crucial for maintaining the integrity of the fluid
during testing, especially in long-duration or high-shear appli-
cations. The shear flow behavior of the fluid was evaluated
across a range of shear rates, from low (representing venous
flow) to high (representing arterial flow), thus enabling a
comprehensive analysis of the fluid’s rheological properties.

Disperse phase

View Article Online

Paper

Furthermore, the mechanical behavior of the particles was
examined to characterize their mechanical response under
deformation. The combination of rheological and mechanical
performance experiments ensures that the BMF is capable of
replicating the behavior of blood in a range of conditions, from
microcirculation to larger vessels. By bridging the gap between
rheological accuracy and mechanical fidelity, this work repre-
sents an advancement in the development of versatile and
realistic blood-mimicking fluids for biomedical applications.

2 Methods

2.1 Microparticle fabrication

Microparticles were fabricated using MFS. The MFSs were
made using the microwire molding technique (Fig. 1), as
previously described by Jia et al'* To achieve the required
channel geometry, which entailed an increase in channel width
downstream, templates with precise dimensions were created
from steel sheets with a thickness of 200 pum. The microwires
were then positioned in a cross-flow configuration and PDMS,
(Dow Corning, USA) was poured over them. Subsequently, the
PDMS was degassed and cured at 70 °C overnight. Once the
curing process was complete and the MFS has reached room
temperature, the microwires were removed, resulting in inlet
channels with a channel height (Dy;) of 200 pm and a width (Ds)
of 200 um. The channel opening was modified downstream,
with a height (Dy) of 200 pm and a width (Dy) of 400 um Fig. 1.
To facilitate the connection to tubing, needles with an outer
diameter of 400 um were inserted into the channel inlets,
connecting to PTFE tubing with a diameter of 500 pm. At the
outlet, a needle with an outer diameter of 800 um was attached,
connecting it to outlet tubing with a diameter of 1000 pum.
The artificial erythrocytes were synthesised using the hydro-
gel poly(sodiumacrylate-co-acrylamide) (P(SA-Am)). The concen-
trations of the used monomers sodium acrylate (Sigma Aldrich,
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Fig. 1 Schematic representation of the microfluidic cross-section geometry. The upstream channel has a width of Dg = 200 pm and a height of Dy =
200 um. Further downstream the channel widened into Dy, = 400 um while the height was kept at Dy. The hydrogel (blue) is introduced as the disperse
phase and the mineral oil is introduced as the continuous phase (grey). The shape of the microparticles within the microfluidic system changes from a

plug-like shape into a disc-like shape after the channel widens.
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USA, CAS No. 7446-81-3) and acrylamide (Sigma Aldrich, USA,
CAS No. 79-06-1) were 7.52% (w/v) and 17.07% (w/v), respec-
tively. The crosslinker employed was N,N’-methylenebisacryl-
amide (Sigma Aldrich, USA, CAS No. 110-26-9). All components
were dispersed at room temperature in distilled water and
subsequently employed as the dispersed fluid phase (Qp). The
reaction starter was ammonium persulfate (Sigma Aldrich,
USA, 7727-54-0), which was added directly before the start of
the experiment to prevent premature gelation of the hydrogel.
The continuous phase (Qc) was mineral oil (Sigma Aldrich,
USA, CAS No. 8042-47-5). N,N,N',N'-Tetramethylethylendiamin
(TEMED) (concentration 0.1% (v/v)) (Sigma Aldrich, USA, CAS
No. 110-18-9) was added to the continuous phase as a catalyst
for the polymerization process of the hydrogel.

To initiate particle fabrication, the disperse and continuous
phases were connected to their respective inlet tubing. The flow
rates were set to Qp = 3 uL min~" for the disperse phase and to
Qc =13 pL min " for the continuous fluid phase. This configu-
ration results in the formation of an oil-water (W/O) emulsion,
which generates microparticles derived from the disperse
hydrogel phase. Non-spheric shape formation was primarily
controlled by the geometry of the microfluidic system and the
interfacial shear forces between the two phases. This effect was
maximized by the controlled flow rates, ensuring that polymer-
ization occurred within the expansion region rather than pre-
maturely in the narrower upstream channel or later in the
outlet tubing, where shape retention would be compromised. If
the particles exited the system too early, they tended to re-
expand into a more spherical shape. To ensure the stabilization
of the introduced shape, post-system cross-linking was
achieved by adding TEMED (0.1% v/v) to the tube containing
mineral oil, where the particles were collected. The catalyst
promoted additional polymerization, preserving the induced
non-spheric structure. The efficiency of shape retention was
confirmed through microscopic analysis of multiple produc-
tion batches using a USB microscope (CIMELR Digital Micro-
scope, China), demonstrating high reproducibility. After
particle production, the microparticles were washed three
times. The particle shape was investigated using an inverted
microscope (Zeiss, Axio Vert A1) and a scanning electron
microscope (SEM) (Hitachi, S3400N, Hitachi, Japan).

2.2 Diameter distribution

The artificial erythrocytes were dispersed in the artificial
plasma phase following the production of particles. The effects
of three different plasma phases on the swelling of the artificial
erythrocytes were investigated. Two plasma phases consisted of
glycerol/water suspensions at two glycerol concentrations:
10% (v/v) and 50% (v/v). These concentrations, along with other
glycerol/water solutions in the 10-60% (v/v) range, have pre-
viously been employed as single phased blood-mimicking
fluids for computational fluid dynamics (CFD) simulations in
several studies.>'>'® These solutions increase the viscosity of
the suspending medium. A third plasma phase, designed to
additionally replicate intercellular interactions in blood due to
plasma proteins was prepared by combining 10 mM CacCl, with
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Dextran 40 (Sigma Aldrich, USA) in a 90%/10% (v/v) ratio,
following the methodology of Fukada et al.'” Unlike glycerol-
based solutions, which primarily affect viscosity, this phase was
specifically formulated to mimic physiological cell aggregation
effects observed in blood. The Dextran 40 acts as an interpar-
ticle bridging agent, forming weak, reversible bonds between
artificial erythrocytes, similar to how fibrinogen mediates RBC
aggregation in human blood plasma. The CaCl, is used to
influence particle-particle interactions, as well as the ionic
strength of the artifical plasma phase. Artificial erythrocytes
were suspended in each plasma phase and allowed to swell for
48 hours at room temperature (22 °C), in accordance with the
findings of Hentschel et al,'® which demonstrated that micro-
particle swelling reaches a threshold after 48 hours. Additional
information on the swelling behavior of the hydrogel in the
different plasma phases can be found in S1 of the ESL{ A
control group (n = 1700) was prepared by suspending the
artificial erythrocytes in fresh mineral oil. The diameters of
the particles were measured microscopically to assess their
size. To ascertain the statistical significance of the observed
differences, the commonly used Kolmogorov-Smirnov and
Shapiro-Wilk tests were conducted to assess data log-
normality. The Kruskal-Wallis test was then employed to
determine if there was a significant difference in particle
diameters between erythrocytes swelled in artificial plasma
phases and those maintained in mineral oil.

2.3 Rheological characterization

2.3.1 Sample preparation and rheological set-up. The bead
volume fraction of each BMF was set to 40% (v/v) to closely
mimic physiological hematocrit levels. All measurements took
place 48 h after particle fabrication to ensure complete particle
swelling. The rheological characterization of the three BMFs
was carried out at room temperature (22 °C). This approach
follows established methodologies in BMF research, where
rheological measurements are often performed at room tem-
perature to ensure stability, experimental reproducibility, and
ease of application in in vitro studies.”'® Additionally, many
experimental blood flow studies are conducted at 22 °C*°*™" to
simplify setups and avoid the need for additional temperature
control. This approach not only simplifies future experimental
use but also minimizes the risk of swelling or deswelling effects
due to temperature variations. All experiments were conducted
using a rotary rheometer (Kinexus Prime Ultra+, NETZSCH
GmbH, Germany) with a 40 mm plate-plate geometry. The
plate-plate geometry was chosen due to the particle size of
the tested BMFs. While this geometry may introduce minor
flow field inconsistencies, these effects are negligible compared
to the measurement inaccuracies that arise from the non-
negligible particle-to-gap size ratio in alternative rheometer
geometries. A solvent trap was employed to prevent evapora-
tion. To increase the homogeneity of the BMFs before the
rheological measurements, they were agitated for 50 s at
100 s

2.3.2 Particle sedimentation under constant flow. The
impact of sedimentation under constant shear was examined,

This journal is © The Royal Society of Chemistry 2025
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Table 2 Adjusted plate distances for the three blood mimicking fluids

Blood mimicking fluid Plate distance in mm

Dextran40/CacCl, 1.5
Glycerol 10% (v/v) 2.5
Glycerol 50% (v/v) 3

as sedimentation behavior can significantly impact shear flow
dynamics. To assess the impact of particle sedimentation on
viscosity, the dynamic viscosity of the three BMF was monitored
over time. The measurements were taken at four discrete shear
rates (1, 10, 100, and 200 s~ ') over an observation period of
10 minutes, with viscosity values recorded every 10 seconds
under constant shear. In order to accommodate the varying
particle sizes present across the three BMFs, the plate distance
was adjusted accordingly. The specific distances employed for
each BMF are provided in Table 2. The rheometer gap distance
was carefully optimized prior to experimentation, to balance
bulk suspension behavior while maintaining sample stability.
For this, the gap distance was systematically tested to deter-
mine the maximum feasible distance were consistend measure-
ment was still possible. The normal force measurements were
tracked as an indicator to identify fluid loss between the plates.
A drop in normal force was considered an indication that the
liquid phase was escaping, necessitating a reduction in gap size
to maintain measurement integrity. Conversely, smaller gap
sizes were also tested, but they introduced measurement arti-
facts due to confinement effects, as additionally indicated by
rheometer software warnings.

2.3.3 Dynamic shear behavior. The dynamic flow behavior
of the three BMFs was investigated under constant shear at
varying shear rates. Shear rates were incrementally increased
from 5 to 500 s~ with a step width of 5 s*, and each step was
held for at least 10 seconds to allow the fluid to reach a steady
state. When the steady state is reached, viscosity and shear
stress are measured and the next shear rate step is approached.
As a control, porcine whole blood (hematocrit: 46% (v/v)) was
tested. Porcine blood is widely used as a reference in in vitro
flow studies due to its close physiological resemblance to
human blood, combined with its accessibility, ease of handling,
and cost-effectiveness. These attributes make it a practical and
reliable model for replicating human blood flow dynamics in
laboratory settings.>* Coagulation was inhibited by adding
5% (v/v) citrate. This addition slightly reduced the overall
viscosity of the blood sample. Porcine whole blood was mea-
sured at physiological temperature (37 °C).

To characterize the flow behavior of each BMF, two estab-
lished flow models to describe the shear flow of blood, the
Casson and Carreau-Yasuda models, were applied to the shear
flow data.>>** The Casson model is defined as:

VT =T Vid (1

where 1 represents the shear stress (in Pa), 1, is the yield stress
(in Pa), 7, is the infinite shear viscosity (in Pa s), and 7 is the
shear rate (in s~ ). The values for 7, and 17, were extracted from
the fitted curves and compared to the control and compared to

This journal is © The Royal Society of Chemistry 2025
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literature values, with the coefficient of determination (R?)
calculated to assess the quality of the fit. Additionally,
the experimental data was fitted against a second model.
The Carreau-Yasuda model is particularly suited for fluids
exhibiting pseudoplastic behavior, such as biopolymer solu-
tions, protein solutions, and polymer melts, where the fluid
undergoes shear thinning. The Carreau-Yasuda model is
expressed as:

0=+ (0 — n)[1+ ()0 @)

where 7 is the viscosity (in Pa s), 1, is the zero-shear viscosity (in
Pa s), 11, is the infinite-shear viscosity (in Pa s), 4 is the time
constant (in s), 7 is the shear rate (in s™'), a is the transition
control factor, and »n is the power index. The initial values used
for fitting human whole blood were based on literature
values:*® 7, = 0.02 Pa s, 5, = 0.003 Pas, A =1s, a = 2.5, and
n=0.6.

2.4 Mechanical characterization

The mechanical response and elasticity of artificial erythrocytes
were assessed using atomic force microscopy (AFM) (Flex FPM,
Nanosurf AG, Liestal, Switzerland). Repeated indentation mea-
surements were conducted to calculate Young’s modulus,
representing the elasticity of the cells, and to evaluate deform-
ability under repeated mechanical load. Porcine erythrocytes
served as a positive control for comparison.

The AFM system was equipped with hollow silicon nitride
cantilevers. For the artificial erythrocytes, cantilevers with an
opening of 8 um and a theoretical spring constant of 2 Nm™*
were used (FluidFM Nanopipette, Cytosurge AG). For porcine
erythrocytes, cantilevers with a pyramidal tip and an opening of
300 nm with a theoretical spring constant of 0.6 Nm™ ' were
applied. Artificial erythrocytes and porcine erythrocytes were
dispersed to 1% in their artificial plasma phase and phosphate
buffered saline solution (PBS), respectively. Measurements were
conducted after the artificial and porcine erythrocytes had
sedimented in flat 40 mm diameter WillCo-dishes (WillCo
Wells B.M., Amsterdam, Netherlands), and target particles were
selected microscopically. For each BMF and the control,
15 individual cells were examined. For each cell, 10 force
spectroscopy curves were recorded with a setpoint force of
50 nN for artificial erythrocytes and 1 nN for porcine erythro-
cytes, an approach/withdrawal velocity of 1 pm s, and force
feedback enabled.

The resulting force-distance (here: indentation of particle
surface) curves were analyzed using Atomic] 1.7.2 software.
Exemplatory curves are shown in S3 of the ESL{ Quality control
procedures were implemented to exclude curves showing
inconsistencies, such as cantilever slippage or adhesion on
the microparticle/erythrocyte surface. The force-distance
curves were plotted to analyze approach and withdrawal beha-
vior, with detailed plots available in the ESI{ S3. Young’s
modulus, representing cell elasticity, was derived from the
approach curves. The slope of the linear elastic region of the
curve was determined,*® typically the initial straight portion.
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Young’s modulus was than calculated from:

_FjAFL
“AL/L~ AAL (3)

where E is the Young’s modulus (in Pa), F the applied force (in
N), A the cross-sectional area (in um?), L the original diameter
(in pm) and AL the change in length (here indentation) (in pm),
using the slope determination from the force-way curves.
Statistical analysis was performed to test for significant differ-
ences in elasticity between the artificial and porcine erythro-
cytes. Kolmogorov-Smirnov and Shapiro-Wilk tests were
conducted to check for log-normality of the data, followed by
a Kruskal-Wallis test to determine whether the Young’s mod-
ulus of the artificial erythrocytes differed significantly from that
of the positive control.

3 Results and discussion
3.1 Microparticle fabrication

Two particle morphologies were determined within the MFS.
The first of these is a plug-like shape, as observed in the upper
downstream channel with the diameter Dg (Fig. 1). The dis-
persed fluid phase completely occupies the volume of the upper
channel. The microparticle break-up is dependent upon the
interfacial pressure increase that occurs at the cross-section
geometry.”” The length of the resulting plug is greater than the
length of the channel diameter Ds. The interfacial tensions
between disperse and continuous phase lead to particles with
plug like shape within the cross-section of the small upstream
channel (Fig. 1). This is in accordance with the findings of
Dendukuri et al.,>® who observed that particle polymerization

within this area exhibits a plug like geometry. Furthermore, at
the point of widening of the downstream channel, the micro-
particles assume a disc-like shape (Fig. 2). In this area, the
microparticles are confined in two dimensions (top and bot-
tom), resulting in their non-spherical form. This behavior has

been previously reported by Dendukuri et al.>® and Winkler
1.29

et al.”” and can also be observed within this experimental setup.

Fig. 2 Two particle morphologies were determined within the microflui-
dic system. (a) In the Ds channel area the particle takes on a plug-like
shape governed by the interfacial tensions of disperse and continuous
phase. (b) After the widening of the downstream channel the microparticle
shape is disc-like, confined by the upper and lower channel walls.
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The hydrogel microparticles undergo polymerization within
the MFS while flowing downstream, resulting in a non-
spherical morphology upon exiting the MFS. Microscopic exam-
ination reveals the presence of an indentation in the micro-
particles, mimicking the biconcave shape in human red blood
cells (Fig. 3). To corroborate the concave morphology of the
microparticles, supplementary scanning electron microscopy
images were obtained. As illustrated in Fig. 3, an indentation is
evident on the surface of the microparticle. Furthermore, an
additional indentation is visible on the opposite side, at the
base of the structure. This confirms the biconcave shape of the
microparticles. However, the indentation appears less pro-
nounced compared to the light microscopy images. This obser-
vation can be attributed to the specific environment required
for the execution of SEM measurements. Before analysis, it is
necessary to dry the microparticles. Given their high water
content, microparticles may undergo shrinkage during the
drying process. This phenomenon may be attributed to the
altered shape of the microparticle. Additionally, the high-
vacuum environment present in the SEM can further influence
particle morphology.

The formation of the biconcave structure is attributed to the
polymerization dynamics within the MFS. The polymerization
process is governed by free radical polymerization, initiated in
the presence of a catalyst within the continuous phase. The
specific shape of the microparticles is likely a result of differ-
ential polymerization rates across the particle surface, which
are influenced by diffusion limitations within the microfluidic
channel. The presence of the catalyst in the continuous phase
governs polymerization from the outside to the inside. As the
particles flow within the microchannel, they remain confined
near the top and bottom channel walls, where a thin lubricating
layer of mineral oil is present. This lubrication layer serves as a
diffusion barrier, reducing catalyst availability in the top and
bottom regions and leading to slower polymerization at these
regions to the sides, where direct contact with bigger volume of
the catalyst-rich continuous phase allows for faster polymeriza-
tion (Fig. 1). As the microparticles exit the microfluidic system,
unpolymerized or weakly crosslinked material in the top and
bottom regions is more susceptible to removal during the
washing steps, resulting in the final biconcave shape.

The biconcave shape of erythrocytes plays a pivotal role in
optimising blood flow in different vessel geometries. In large
vessel geometries, the erythrocyte shape facilitates laminar flow
by increasing the cells’ moment of inertia, thereby reducing
particle rotation within the flow.’® In narrow vessels, the
biconcave shape enhances their efficient passage. Additionally,
the area-to-volume ratio is increased, thus enhancing the
efficiency of gas exchange.*

3.2 Diameter distribution

To evaluate the impact of different artificial plasma phases on
the size and swelling behavior, their diameter was compared to
the median diameter of the artificial erythrocytes in the control
condition (mineral oil). Their diameter was observed to be
294 um. In contrast, hydrogel beads dispersed in the Dextran

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Diameter distribution of artificial erythrocytes dispersed in the
investigated artificial plasma phases. All particle diameters were measured
after 48 h of swelling in the respective plasma phases.

40/CaCl, solution exhibited a significantly reduced diameter,
with an average of 222 pm (Fig. 4). This considerable reduction
in diameter can be attributed primarily to two factors: a
diminished capacity for swelling and augmented ionic cross-
linking. Mahon et al®” demonstrated that higher salinity
reduces the swelling capacity of hydrogels, which they attrib-
uted to a decrease in osmotic pressure due to additional
cations, which inhibit water uptake. This effect is likely to play
a role in the interactions between P(SA-Am) and CaCl,, where
the hydrogel’s anionic repulsion is counteracted by the cations
present in CaCl,, thereby reducing its potential for water
absorption. Furthermore, as reported by Trivedi and
Chourasia,*® hydrogels with exposed hydrophilic groups form
complexes with cations when exposed to CaCl, solutions. This
results in the formation of additional ionic cross-links that
increase the density of cross-links and further restrict hydrogel
swelling. For P(SA-Am) beads, it can be assumed that ionic
cross-links were formed between the carboxylate groups

This journal is © The Royal Society of Chemistry 2025

(a and b) Light microscopic image of the produced microparticles. An indentation in the particle surface is visible. (c) SEM image of a microparticle

(-COO™) from sodium acrylate, which would explain the
observed reduction in swelling ability.

The artificial erythrocytes showed significantly enhanced
fluid uptake in glycerol/water solutions, with final median
diameters of 718.43 pm in the 10% (v/v) glycerol solution and
997.44 pm in the 50% (v/v) glycerol solution. This resulted in
particles that were three to four times larger than those
observed in dextran 40/CaCl,. A study by Bialik-Was et al.**
observed that higher glycerol concentrations within the hydro-
gel matrix can reduce particle swelling, the opposite trend was
noted here when the glycerol was present in the surrounding
phase, with the 50% (v/v) glycerol solution resulting in slightly
larger particles than the 10% (v/v) solution. Nevertheless, the
statistical analysis revealed no statistically significant differ-
ence in diameter between the two glycerol concentrations,
indicating that any observed size differences are likely due to
other factors rather than being attributable to glycerol concen-
tration alone (Fig. 4).

These findings highlight the considerable impact of the
surrounding plasma phase on the final diameter of artificial
erythrocytes. It was observed that the particles swell immensely
in the glycerol solutions, while the combined impact of CaCl,’s
swelling inhibition and ionic crosslinking in Dextran 40/CaCl,
solutions even lead to a diameter decrease compared to the
positive control. This distinction highlights the importance of
ionic content and cross-linking potential in modulating hydro-
gel particle size and swelling behavior, with significant impli-
cations for applications requiring precise control
microparticle size.

While particle sizes across all fluids remain larger than the
target size of 8 pm, the Dextran 40/CaCl, model achieved the
smallest particles among the three. While the hydrogel parti-
cles are significantly larger than natural red blood cells, this
does not exclude their potential utility as a BMF in flow
simulations. In fact, the need to upscale vessel diameters
is common in both experimental and computational
hemodynamic studies. A study by Wu et al.>®> on intracranial
aneurysms highlights the necessity of scaling up vessel

over
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geometry to increase spatial resolution in some PIV experi-
ments. Goubergrits et al®® demonstrates how maintaining
hydrodynamic similarity through Reynolds number matching
can allow for accurate flow representation despite geometric
scaling. A scaling factor of 3.77 was applied to an intracranial
aneurysm model for in vitro testing using water-glycerol mix-
tures, ensuring dynamic similarity and maintaining correct
flow structures even with larger dimensions. Many in vitro
models, such as those used for medical device testing, require
upscaled features to ensure reproducibility and proper visuali-
zation of flow phenomena.

When investigating complex hemodynamic phenomena,
larger-scale models provide advantages by mitigating resolu-
tion limitations and ensuring that the flow structures of inter-
est remain within the detectable range of experimental
techniques. In this context, upscaled particles would be bene-
ficial and can effectively be used to mimic the multiphase
properties of blood.

Reducing particle size to more closely match human ery-
throcytes will require further optimization, potentially by redu-
cing channel diameters in the microfluidic fabrication process.
Kaspar et al.®’ demonstrated that a decrease in the overall
channel diameter, achieved by increasing the aspect ratio of the
channel walls, results in a reduction in the size of the produced
particles. A further study by Tanriverdi et al.*® demonstrated
that the monodispersity of the produced particles increased
with decreasing channel size. The elastic forces acting on the
particles increase, leading to enhanced focusing of the particles
at the center of the channel and a reduction in coalescence
effects.

3.3 Rheological characterization

3.3.1 Particle sedimentation under constant flow. The
experiments were conducted based on the hypothesis that
particle sedimentation within a solution would result in a
decrease in overall viscosity. This hypothesis aligns with the
findings of Momen-Heravi et al®* and Shajahan and
Breugem.”® To investigate this effect, the dynamic viscosity of
the BMFs was monitored over a 10-minute period at different
shear rates. Both absolute and normalized dynamic viscosity
values were plotted against measurement time. To compare the
effect of constant shear flow on the viscosity changes we
calculated the sedimentation velocity under quiescent condi-
tions (the caluclation protocol is described in the ESI, S2).
Which were 0.0451 mm s~ %, 0.232 mm s * and 0.218 mm s *
respectively, for the Dextran 40/CaCl, model, the 10% (v/v)
glycerol and the 50% (v/v) glycerol model. The sedimentation
velocity increases with particle diameter. However, these esti-
mates are only a rough approach due to the biconcave shape of
the artifical erythrocytes. A study by Oka et al*' shows the
change in effective radius reduces the sedimenation velocity
according to Stokes’ law.

The dynamic viscosity of the microparticles — Dextran 40/
CaCl, solution displays fluctuations at low shear rates (1 s~ )
within the flow field (Fig. 5). Which is visible in both viscosity
graphs. These fluctuations are likely due to the time required
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for the flow field to fully develop within the plate-plate geo-
metry. For the Dextran 40/CaCl, BMF, transient effects were
observed, characterized by a peak in viscosity approximately
1 minute after measurement initiation at 1 s~*. Following this
peak, viscosity decreased to a normalized value of 0.87, accom-
panied by fluctuations throughout the measurement period.
This suggests a slight sedimentation effect, while the fluctua-
tions indicate intermittent particle resuspension under shear
flow. The sedimentation effect may be attributed to density
differences between the hydrogel microparticles and the
plasma phase (for density determination details, see ESL¥
S2). The density of Dextran 40/CaCl, was 0.9992 g cm >, while
that of the hydrogel particles was 1.0781 g cm >, corresponding
to a 7.9% density difference. However, compared to the sedi-
mentation velocities at quiescent conditions the sedimentation
effects are less pronounced than expected. Sedimentation
velocity seem to be slowed even at low shear velocities. While
considerable scatter among viscosity measurements at a shear
rate of 1 s~ emphasizes flow inconsistencies, the average
viscosity over the whole measurement period was at around
0.155 Pa s. This value is higher than the viscosity of human
whole blood, which has been reported as 0.06 Pa s at 0.1 s~ * by
Nader et al.** This indicates that the BMF displays enhanced
resistance to flow under low-shear conditions. This resistance
can potentially be attributed to interparticle bridging effects
induced by the Dextran 40. At a shear rate of 10 s~ ', viscosity
fluctuations persisted during the first three minutes, likely due
to start-up effects commonly observed in plate-plate rheometry
and the higher resistance to flow in the Dextran 40/CaCl,
solution. The normalized viscosity data supports this interpre-
tation; after approximately 240 seconds, fluctuations dimin-
ished, and the normalized viscosity stabilized around 1,
indicating no significant sedimentation effect at this shear
rate. The average viscosity at 10 s~' decreased significantly
compared to 1 s ', with a measured value of 0.011 Pa s,
demonstrating shear-thinning behavior.

At higher shear rates (100 and 200 s~ '), viscosity remained
stable over time, with no significant decrease in normalized
viscosity, confirming the absence of sedimentation effects. The
average viscosity at 100 s~' was 0.0091 Pa s, which further
decreased to 0.0063 Pa s at 200 s '. These values align closely
with the viscosity of human blood at equivalent shear rates, as
reported by Nader et al.*> (0.006 Pa s at 200 s~ '). Additionally,
the shear-thinning effect was more pronounced between 10 and
100 s~ than between 100 and 200 s~ ', demonstrating that the
BMF effectively replicates the physiological shear-thinning
behavior of blood at moderate to high shear rates.

The sedimentation experiments indicated sedimentation
effects at low shear rates of 1 s~ ". This can be attributed to
density differences and transient start-up effects. However,
compared to the quiescent sedimentation velocity, sedimenta-
tion tendency was less pronounced. At shear rates above 10 s~
the viscosity remains constant, confirming no pronounced
sedimentation effects under physiological shear conditions.
This stability can be attributed, at least in part, to the high
particle concentration in the BMF (40% (v/v)), which enhances

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01510j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 March 2025. Downloaded on 4/22/2026 7:43:52 PM.

(cc)

Soft Matter

(a) 10

Shear rate: 1 1/s
- Shear rate: 10 1/s
- Shear rate: 100 1/s
- Shear rate: 200 1/s ||

+

.o
e®%00c0ey, o
.

000 ,0000000,00. . o

00000000 ,00%0000,0% 000000, 0%0, 0"

R = .
Rl Ol ST P sanen LTI VPP

e
o
=

Dynamic viscosity in Pa*s
o
o

(o0 0000 evoses

sreeeee B

N=5
0.001 T T
200 400 600
Timeins
10
(c) e
»
%
g 1 ]
£
2
3
8 o 1.
g ]
L
£
e -
S 0.01 Shear rate: 1 1/s
a Shear rate: 10 1/s

Shear rate: 100 1/s
Shear rate: 200 1/s

0.001
200 400 600
Timeins

(@) 10
;n see 00000,0%%0 ®00e0%0000000%0%000°%,
S glreessssseeecaceneeeeees o o 1
£
z T T
[
3
@ 0.1
> o
L
g
c o Shearrate: 1 1/s
2 0.01 = Shear rate: 10 1/s

- Shear rate: 100 1/s
+- Shear rate: 200 1/s
0.001 - -
200 400 600
Timeins

Fig. 5

View Article Online

Paper

—_

Normalised dynamic viscosity n/n0 &
N
=)

Shear rate: 1 1/s
- Shear rate: 10 1/s
- Shear rate: 100 1/s
Shear rate: 200 1/s

s x o m e

-
G

-
s

e
o

*
Rl e e M e

N=5
0.0 T r
200 400 600
Timeins
(d) 20
(=] Shear rate: 1 1/s
<
= Shear rate: 10 1/s
Shear rate: 100 1/s
2
g 1.5 Shear rate: 200 1/s |-
o
2
>
L |
€ 10 i
s 1.0 I
c
J |
T
°
b
= 0.5
©
£
=
o
=z
N=5
0.0 T .
200 400 600
Timeins
() 20
o Shearrate: 1 1/s
= Shear rate: 10 1/s
+- Shear rate: 100 1/s
1.5 +- Shear rate: 200 1/s ||
o
. v e
. . o e 2 viee . S '.
B o T e L e
A £ - e
"

gy

o
o

Normalised dynamic viscosity n/n0 =

N=5

200 400 600
Timeins

o
)

(a) Particle sedimentation of microparticles dispersed in Dextran40/CaCl, solution (c) in glycerol 10% (v/v) solution and in (e) in glycerol 50% (v/v)

solution. Measured over a 10-minute interval at four shear rates. Normalized viscosity over time for the microparticles dispersed in (b) Dextran40/CaCl,,
in (d) glycerol 10% (v/v) solution and in (f) glycerol 50% (v/v) solution. The normalized viscosity highlights viscosity changes over the 10-min measurement
time. The dotted lines show the minimum and maximum values for every shear rate.

particle interactions, like particle repulsions as described by
Fukada et al."” and hinders sedimentation.*® These findings
provide preliminary evidence that the Dextran 40/CaCl, BMF
effectively mimics the shear-dependent viscosity and stability of
whole blood across a range of physiological shear rates, thereby
supporting its use in flow modeling studies.

At lower shear rates of 1 s~ and 10 s, the median viscosity
value for the 10% (v/v) glycerol model was calculated to be
higher than the mean viscosity value of the 50% (v/v) glycerol
model. This is despite the fact that the glycerol 50% solution
has a higher density (1.1092 g cm *) compared to the 10%
solution (1.0205 g cm™>). However, the viscosity values for the
50% glycerol model exhibit significant measurement variabil-
ity, which reduces the reliability of these values. Higher glycerol

This journal is © The Royal Society of Chemistry 2025

concentrations in the artificial plasma phase appear to intro-
duce more pronounced fluctuations in viscosity measurements.
This effect is observed in both absolute and normalized shear-
thinning values. Given the larger particle size, the establish-
ment of a fully developed flow within the plate-plate geometry
requires more time, leading to inconsistencies in viscosity
measurements at low shear rates. Density comparisons further
support these findings. The density difference between the
microparticles and the 50% (v/v) glycerol solution is 8.85%,
whereas the density difference between the microparticles and
the 10% (v/v) glycerol solution is lower, at 6.53%. Despite the
closer density match between the hydrogel particles and the
10% glycerol solution, sedimentation effects were observed in
this model at shear rates of 100 and 200 s, as indicated by a
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decrease in normalized viscosity values over time. This suggests
that, even with a relatively well-matched density, the large
particle size contributes significantly to sedimentation. Conse-
quently, the 10% glycerol model exhibits instability as a BMF
due to pronounced sedimentation effects. In contrast, no
significant sedimentation effects were observed in the 50%
glycerol model, as evidenced by stable normalized shear-
thinning values. The sedimentation tendency has decreased
in comparison to quiescent conditions. The overall higher
viscosity of the glycerol 50% (v/v) solution appears to stabilize
the hydrogel particles within the artificial plasma phase,
despite the greater density mismatch.

Ultimately, the large particle size resulted in inconsistencies
in the viscosity profile, particularly in the lower-viscosity gly-
cerol 10% (v/v) plasma phase. This instability limits the usabil-
ity of both glycerol-based models as stable BMFs, as
sedimentation effects compromise flow consistency in the
10% glycerol model, while high measurement variability due
to pronounced start up effects reduces reliability in the 50%
glycerol model.

However, shear thinning effects are evident for both BMFs
as the shear rate increases, while the overall viscosity of both
glycerol BMFs is considerably higher for all investigated
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discrete shear rates in comparison to the data presented by
Nader et al.*> Due to the particle size and shape of the artificial
erythrocytes, particle interactions and deformations can occur
that couldn’t be detected with the experimental design of
this study.

To the best of the authors knowledge, no studies have yet
investigated the flow behavior of BMFs over extended measure-
ment periods at constant shear rates. Such a characterization
protocol could be critically important for ensuring that
observed shear-thinning behavior is attributable to dynamic
particle interactions rather than pronounced sedimentation
effects.

Fukada et al.’’ reported a shift in the flow behavior of a
polystyrene particle/CaCl, BMF from Newtonian to shear -
thinning as the molecular weight of the particles increased.
Investigating the sedimentation behavior of these systems
could provide additional insights into the stability of such
solutions, further elucidating the relationship between particle
properties and their rheological behavior.

3.3.2 Dynamic shear behavior. Both glycerol-based artifi-
cial plasma phases exhibited Newtonian flow behavior (Fig. 6),
where increasing water concentration resulted in decreased
viscosity without altering the Newtonian characteristics. This
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(a) Shear behavior of the three blood mimicking fluids (BMF) compared to the porcine whole blood. (b) Shear stress behavior under shear flow.

(c) Shear behavior of the artificial plasma phases. 100% (v/v) glycerol plot as negative control. Due to the lower torque limit of the rheometer, viscosity
measurements for the 10% (v/v) glycerol solution could not be obtained at shear rates below 20 s~*. The dotted lines show the minimum and maximum

values for every shear rate.
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is expected, as glycerol is a small organic molecule that forms a
simple homogeneous solution rather than complex macromo-
lecular structures capable of shear-induced alignment. Unlike
polymer solutions, glycerol-water mixtures do not exhibit
molecular entanglement or network formation, which are key
mechanisms behind shear-thinning behavior.** Due to the
lower torque limit of the rheometer, viscosity measurements
for the 10% (v/v) glycerol solution could not be reliably
obtained at shear rates below 20 s™".

In contrast, the Dextran40/CaCl, plasma model displayed
slight shear-thinning behavior at lower shear rates (Fig. 6). This
shear-thinning can be attributed to polymer-solvent interac-
tions, where dextran molecules form hydrogen bonds with
water, creating an interconnected network structure.*® Addi-
tionally, as shear rate increases, dextran molecules align with
the flow direction, which further enhances shear-thinning.*®
The viscosities of both the Dextran40/CaCl, solution and the
10% (v/v) glycerol solution are comparable to literature values
for human blood plasma viscosity, which range from 1.2 to
1.7 mPa s at 37 °C,"**” making them suitable plasma mimics.

Upon adding artificial hydrogel erythrocytes to the plasma
solutions, all three BMFs displayed shear-thinning behavior
(Fig. 6). The overall viscosity values for the glycerol-based BMF
models were higher than those of the porcine blood control,
with viscosity increasing alongside glycerol concentration.
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The 10% glycerol BMF, showed an increase in viscosity at
higher shear rates (~200 s~'). At these elevated shear rates,
hydrodynamic forces can overcome the repulsive interactions
between the negatively charged P(SA-Am) microparticles, allow-
ing the particles to form clusters. This clustering leads to
particle crowding, where particles align and form a more
solid-like structure as stress increases.*® Notably, this effect
was absent in the 50% glycerol solution, indicating that the
higher viscosity of the surrounding fluid maintains the repul-
sive forces between microparticles, thus preventing clustering
even at high shear rates.

The shear stress against shear rate plots reveal yield stress
fluid behavior in all three BMF models (Fig. 6). The yield stress
(to), or the stress required to initiate flow, for the Dextran40/
CaCl, suspension was comparable to that of the porcine blood
control. However, the yield stress values for both glycerol-based
BMFs were significantly higher. For comparison, literature
values for human blood yield stress range from 0.0018 to
0.031 Pa.*>*° This suggests that while the Dextran40/CaCl, model
approximates the yield stress of blood well, the glycerol-based
models, especially at higher concentrations, deviate from physio-
logical conditions due to their higher yield stress.

The experimental shear flow data was fitted against the
Casson model to assess the flow characteristics of the three
BMFs. Results are presented in Fig. 7. For the Dextran40/CaCl,

(b) 8 T T T
O Data: Dextran40/CaCl2
Fit: 70=0.0306, I]_x=040058, R?=0.9550

Data: Glycerol 50% (v/v)
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Fig. 7 Casson model fits (red line) for shear stress vs. shear rate for porcine whole blood and blood-mimicking fluids (BMFs). (a) Shows the porcine
whole blood control, (b) the Dextran40/CaCl, model, (c) and (d) the glycerol models with 10% and 50% (v/v), respectively. The fitted yield stress and

infinite viscosity values are displayed together with the R*-value.

This journal is © The Royal Society of Chemistry 2025

Soft Matter, 2025, 21, 3101-3116 | 3111


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01510j

Open Access Article. Published on 26 March 2025. Downloaded on 4/22/2026 7:43:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

BMF, the yield stress (t, = 0.0306 Pa) is slightly above the typical
range for human blood but still within the bounds of literature
values. The infinite shear viscosity (17,, = 0.0058 Pa s) is also
slightly higher than typical values for human blood, which
range from 3.5 to 5.5 mPa s.*> The high R*> value (0.9550)
indicates a strong correlation, supporting the fit of the Casson
model to the data.

In contrast, the 10% glycerol model shows higher yield
stress (1o = 0.0446 Pa) and infinite viscosity (1., = 0.0227 Pa s)
compared to both porcine blood and the Dextran40/CaCl,
solution, indicating greater resistance to flow. While the R’
value (0.9274) suggests a reasonable fit to the model, these
physical parameters are notably different from those of blood,
suggesting that the 10% glycerol BMF may be less suitable as a
blood-mimicking fluid. The 50% glycerol model displays even
greater divergence, with a very high yield stress (z, = 10.3799 Pa)
and infinite viscosity (5., = 0.0322 Pa s). This substantial
resistance to flow further deviates from human blood proper-
ties, despite the reasonable R” value (0.9403). The high values
for both yield stress and viscosity indicate that the 50% glycerol
model is unlikely to serve as an effective mimic for typical blood
flow conditions.

Among the three BMFs, Dextran40/CaCl, shows the closest
rheological properties to human blood, making it the most
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Table 3 Carreau—Yasuada-model property results: comparison of the fit
quality and specific parameters

Sample o (Pas) n,, (Pas) 4 n a R’
Porcine whole blood 0.14841 0.0022572 8.5222 0.3 3 0.88192
Dextran40/CaCl, 0.19357 0.002809 7.9343 0.3 2.8662 0.85187
Glycerol 10% (v/v) 0.72185 0.011721 4.2963 0.3 3 0.61031
Glycerol 50% (v/v) 1 0.001 0.59505 0.3 3 0.8363

suitable candidate for simulating physiological conditions. The
glycerol-based solutions, particularly at higher concentrations,
show significant deviations from porcine blood properties, with
increased infinite viscosity observed with higher glycerol
concentrations.

In addition to the Casson model, the experimental data were
also fitted using the Carreau-Yasuda model, as shown in Fig. 8.
Key parameters and fit quality data are summarized in Table 3.
The use of both models allows for a comprehensive analysis, as
the Casson model is typically better suited for describing blood
behavior at low shear rates, while the Carreau-Yasuda model
provides a more accurate fit at higher shear rates.”®°' This
dual-model approach provides insights into the shear-
dependent flow characteristics of BMFs across a range of
conditions.

(b) 10"

O Data: Dextran40/CaCl2
Fit: Carreau-Yasuda
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BN =}

-
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Fig. 8 Carrau—Yasuda model fits (red line) for viscosity vs. shear rate for blood-mimicking fluids (BMFs) and the positive control. (a) Shows the porcine
whole blood control, (b) the Dextran40/CaCl, model, (c) and (d) the glycerol models with 10% and 50% (v/v), respectively. All curves are fitted against the

same y-axis scaling for better comparison.
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For the Dextran40/CaCl, BMF, the Carreau-Yasuda model
calculated a zero shear viscosity of 1, = 0.19357 Pa s. This value
is slightly lower than the calculated value for porcine whole
blood (7 = 0.14841 Pa s) but still within the range of reported
literature values for human blood zero shear viscosity, which is
reported to be between 0.1-0.2 Pa s depending on the hemato-
crit level.>® The Carreau-Yasuda model calculates a smaller
value for the infinite shear viscosity compared to the Casson
model. This results in a lower estimate for infinite viscosity for
the Dextran40/CaCl, BMF. This calculated value is slightly
below the reported literature values for the infinite viscosity
of human blood but closely aligns with the results for the
positive control. The power index from the Carreau-Yasuda
model indicates shear-thinning behavior for the Dextran40/
CaCl, BMF, which is consistent with the positive control. This
is also in line with literature values for human whole blood,
where the power index ranges between 0.3 and 0.4,> support-
ing the suitability of the Dextran40/CaCl, BMF. The R* value
further indicate a strong fit to the rheological data of the
Dextran40/CaCl, BMF.

In contrast, for the 10% (v/v) glycerol BMF, the Carreau-
Yasuda model yielded significantly higher values for both zero
shear viscosity and infinite viscosity compared to porcine blood
and reported literature values. The model fit for this fluid
showed lower infinite viscosity values than the Casson model,
with a relatively low R> value (0.6103) suggesting a poor fit.
These results indicate that the 10% glycerol BMF may not
accurately replicate blood flow behavior, particularly at lower
shear rates.

The fit for the 50% (v/v) glycerol BMF showed very high zero
shear viscosity but a very low infinite viscosity, resulting in a
very poor fit. This makes it unsuitable for mimicking normal
blood conditions, despite a power index that indicates some
similarity in shear-thinning behavior.

Both flow models demonstrate that the Dextran/CaCl, BMF
is the only one of the three proposed blood-mimicking models
that effectively mimics blood rheology across a broad range of
shear rates. The results indicate that the presence of glycerol in
the suspending medium (10% and 50% solutions) significantly
impacts the rheological properties, especially for yield stress
and zero shear viscosity. The high yield stress observed in the
glycerol-based models, particularly in the 50% (v/v) solution, is
partly due to the increased viscosity associated with higher
glycerol concentrations, as shown in Fig. 6 and the high
calculated values for the zero shear viscosity. Additionally,
particles in the glycerol suspensions have swollen significantly,
resulting in larger particle diameters (Fig. 4) and leading to
shear induced clustering of particles at lower shear rates.*®
Further extensional rheology measurements on these plasma
fluids could provide deeper insights into properties such as
relaxation times, which influence the distinction between solid-
like behavior below the yield stress and fluid-like behavior
above the yield stress.”*

The greatest differences among the BMFs emerged in their
shear rheological behavior, particularly in yield stress, under-
scoring the significant influence of the plasma phase on fluid

This journal is © The Royal Society of Chemistry 2025
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properties. The observed shear-thinning behavior of all BMFs
upon the addition of artificial erythrocytes highlights the inter-
play between plasma composition, microparticle interactions,
and flow dynamics, reflecting the key rheological feature of
blood under shear flow. Beris et al.*® identified fibrinogen as a
key factor in rouleaux formation, which directly affects yield
stress in blood. Similarly, as described by Fukada et al,"
Dextran 40 can facilitate interparticle bridging between beads
in the BMF, potentially mimicking the role of fibrinogen. These
results suggest that structural changes at the microscale, gov-
erned by interparticle interactions, translate into macroscopic
rheological properties. Future studies should investigate the
impact of Dextran 40 concentration on the yield stress behavior
of the BMF to further refine its physiological relevance. Beyond
fibrinogen, recent findings suggest that additional factors, such
as mean corpuscular hemoglobin, may also play a role in blood
rheology. Farrington et al®® demonstrated through neural
network-based analysis that hemoglobin concentration within
RBCs could influence flow properties. Incorporating hemoglo-
bin into artificial erythrocytes could further enhance the phy-
siological accuracy of BMFs, providing a more comprehensive
model while also facilitating data generation for machine-
learning approaches in blood rheology modeling.

Extensional rheometry could provide additional insights
into the rheological profiles of BMF models, particularly for
parameters like relaxation time, which are essential for accu-
rately mimicking blood plasma.®*® So far, only a study by
Carneiro et al.’ investigated their BMF (Table 1) in extensional
flow. They reported a relaxation time of approximately 310 ps
for their BMF model,® whereas literature values for human
whole blood indicate a relaxation time of 114 ps.>® This
represents a substantial difference compared to the relaxation
times fitted in the Carreau-Yasuda model, which ranged
between 0.595 and 7.934 s for the three BMFs. In the Car-
reau-Yasuda model, relaxation time characterizes the transi-
tion from Newtonian to power-law behavior in shear flow.
However, in extensional rheology, the measured relaxation time
is more directly related to the molecular relaxation of stretched
polymer chains. Given this distinction, additional extensional

* ok %k *k
| N=15
ns n= 10
150007 [
a kKK El Porcine Erythrocytes
£ . Dextran40 + CaCl
5 10000+ - (10/90 v/v)
E =3 Glycerol 10% (v/v)
g Bl Glycerol 50% (v/v)
£ 5000
5 * p<0.05
N ** p<0.005
0 **** p < 0.0001

Artificial plasma phases

Fig. 9 Young's modulus of the artifical erythrocytes after swelling in the
respective plasma phases. The Young's modulus was measured after the
particles sedimented to the Petri dish ground.
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flow measurements would provide further insight into
the viscoelastic behavior of our BMF and enhance its
characterization.

Our study achieves a rheological match to blood despite the
larger particle size by matching parameters such as particle
volume fraction and plasma composition. Wu et al.*> demon-
strates how non-Newtonian flow properties are critical in
determining hemodynamic relevance. Our study prioritizes
matching blood’s rheological behavior, including shear-
thinning effects and yield stress, which are key to mimicking
real blood behavior in vitro.

3.4 Mechanical characterization

In addition to rheological characterization, this study sought to
match the elastic properties of the artificial erythrocytes to
those of blood as closely as possible. Although there are no
studies directly measuring the Young’s modulus of porcine
erythrocytes, they are commonly used as substitutes for human
erythrocytes due to their similar rheological behavior. There-
fore, we compared our results with published Young’s modulus
values for human erythrocytes. Sergunova et al.’” reported an
average Young’s modulus of 2.597 + 1.221 kPa for healthy
human erythrocytes, while Barns et al.’® observed a higher
average of 7.57 £ 3.25 kPa for glutaraldehyde - fixed erythro-
cytes, which likely reflects the stiffening effect of fixation. In
general, the literature shows a broad range of values for the
Young’s modulus of human erythrocytes, from 0.1-0.2 kPa*>® to
as high as 202.40 kPa,® highlighting significant variability. The
average Young’s modulus of 0.91 kPa measured for porcine
erythrocytes in this study falls within the lower range of
reported values.

BMFs dispersed in the 10% (v/v) glycerol/water solution
demonstrated the closest match to porcine erythrocytes, with
an average Young’s modulus of 0.991 kPa. Statistical analysis
revealed no significant difference between this BMF and the
porcine control, suggesting that the 10% glycerol solution
effectively replicates the mechanical properties of native ery-
throcytes (Fig. 9). Furthermore, force-distance curves indicated
that repeated mechanical loading did not induce plastic defor-
mation in the artificial erythrocytes (ESI,1 S1 Elasticity curves),
confirming their elastic behavior.

The artificial erythrocytes dispersed in the Dextran40/CacCl,
solution exhibited a higher average Young’s modulus of
2.233 kPa (Fig. 9). This increase in stiffness can be attributed
to the ionic cross-linking effects of CaCl,, as described by
Trivedi and Chourasia,® who found that hydrogels in CaCl,
become harder and more rubbery due to additional ionic cross-
linking at the particle surface. Although the Young’s modulus
for this BMF was significantly different from the porcine
control, it still falls within the broad range reported for human
erythrocytes. The artificial erythrocytes in this solution also
demonstrated elastic deformation under repeated mechanical
loading (ESI, S3 Elasticity curves). The artificial erythrocytes
dispersed in the 50% (v/v) glycerol solution had an average
Young’s modulus of 2.66 kPa, indicating significantly greater
stiffness compared to the porcine control (Fig. 9). However,
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these measurements displayed considerable variability, which
should be considered when interpreting the results. The
increased glycerol concentration likely contributes to the
enhanced stiffness. As Xu et al.®! observed that higher glycerol
levels increase mechanical strength by disrupting hydrogen
bonds within polymer chains, thereby enhancing polymer
chain flexibility and improving stress distribution under load.
In the P(SA-Am) hydrogel used for the artificial erythrocytes, the
amide groups (-CONH,) in acrylamide can act as hydrogen
bond donors, while the carbonyl oxygen (C—O) serves as a
hydrogen bond acceptor, contributing to the material’s
mechanical response.

The Young’s modulus, which measures membrane elasticity
and thus RBC deformability, is an important parameter in
blood flow simulation. Several hereditary and metabolic dis-
orders such as stomatocytosis and diabeties are directly linked
to the impairment of particle deformability.®> Mechanical
properties of RBCs also correlates with the likelihood of
strain-induced cell damage, such as hemolysis.®* A study from
Kanais et al.®* suggested that RBCs with higher Young’s mod-
ulus are more prone to reach critical strain thresholds where
hemolysis occurs. Consequently, accurately replicating the
mechanical properties of RBCs in BMFs is essential for realistic
simulation of blood behavior and for predicting mechanical
stresses in applications such as medical device testing or
microvascular flow studies.

The artificial erythrocytes dispersed in the Dextran40/CacCl,
and the glycerol 10% (v/v) solutions demonstrate a close
approximation to the elastic response of human and porcine
erythrocytes, exhibiting a greater degree of elasticity than the
BMF’s from Doshi et al.'® and Chen et al.® (Table 1).

4 Conclusions

This study evaluated three blood-mimicking fluids (BMFs)
based on their particle size, shape, rheological, and mechanical
properties to identify a model that replicates blood’s character-
istics as comprehensively as possible. Among the fluids tested,
the BMF consisting of P(SA-Am) hydrogel beads as artificial
erythrocytes dispersed in a Dextran40/CacCl, solution proved to
be the most suitable option. Its rheological and mechanical
properties align closely with those of human blood. Despite the
current limitations in particle size, the proposed BMF demon-
strates a versatile range of well-matched parameters, including
shape, rheological, and mechanical properties, in comparison
to previously established BMFs discussed in Table 1. While the
rheological and mechanical properties of the proposed BMF
suggest that axial migration and CFL formation should occur
under flow conditions, these effects were not explicitly visua-
lized in this study. The shear-thinning behavior observed in the
Dextran40/CaCl, BMF closely resembles the shear-dependent
migration dynamics of RBCs, which drive CFL formation in
microvascular systems. Prior work on particulate blood analogs
has demonstrated that rheologically matched suspensions can
successfully replicate CFL formation and RBC-like migration in
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microfluidic flow studies.™ Future studies will focus on direct
imaging of CFL formation and RBC-like migration using micro-
fluidic channels and high-speed microscopy to further validate
the multiphase behavior of the proposed BMF. By systemati-
cally evaluating the relationship between plasma composition,
microparticle elasticity, and shear response, this study
advances the fundamental understanding of BMF design
beyond simple viscosity matching. The ability to tune viscoe-
lastic properties by modifying microstructure and interparticle
forces provides a framework for designing BMFs that can better
replicate blood dynamics across diverse experimental and
clinical applications.

This study advances the development of BMFs by introdu-
cing a model that offers a wider replication of blood properties,
making it a valuable tool for in vitro — blood flow studies. Future
work will also focus on validating the BMF in controlled flow
environments, ensuring its compatibility with established
experimental techniques, such as PIV and other optical flow
diagnostics. Next steps will evaluate the BMF in physiologically
relevant conditions, including flow loop experiments and med-
ical device testing. These studies will examine its behavior in
artificial heart valves, stents, and other blood-contacting
devices, with a particular focus on shear-dependent rheology,
stability, and traceability within complex flow fields. The pre-
sent study work lays the foundation for the use of the BMF in
biomedical research, fluid dynamics studies, and medical
device development.
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